The superconducting critical temperature, Tc, of FeSe can be dramatically enhanced by intercalation of a molecular spacer layer. Here we report on a 77 Se, 7 Li and 1 H nuclear magnetic resonance (NMR) study of the powdered hyper-interlayer-expanded Lix(C2H8N2)yFe2−zSe2 with a nearly optimal Tc = 45 K. The absence of any shift in the 7 Li and 1 H NMR spectra indicates a complete decoupling of interlayer units from the conduction electrons in FeSe layers, whereas nearly temperature-independent 7 Li and 1 H spin-lattice relaxation rates are consistent with the non-negligible concentration of Fe impurities present in the insulating interlayer space. On the other hand, strong temperature dependence of 77 Se NMR shift and spin-lattice relaxation rate, 1/ 77 T1, is attributed to the hole-like bands close to the Fermi energy. 1/ 77 T1 shows no additional anisotropy that would account for the onset of electronic nematic order down to Tc. Similarly, no enhancement in 1/ 77 T1 due to the spin fluctuations could be found in the normal state. Yet, a characteristic power-law dependence 1/ 77 T1 ∝ T 4.5 still comply with the Cooper pairing mediated by spin fluctuations.
I. INTRODUCTION
The discovery of superconductivity in a layered iron oxypnictide 1 has triggered an intensive research activity to optimize the unconventional superconducting properties of iron-based superconductors. Changing the composition of iron-based superconductors led to two distinct families, iron pnictides and iron chalcogenides that share the same structural motif of electronically active layers composed of FeAs and FeQ (Q=Se,Te) tetrahedra, respectively. A binary Fe 1+δ Se adopts a particularly simple PbO-type structure, 2 where the structural tetragonalto-orthorhombic transition at T s = 91 K (Ref. 3) is, unlike as in 1111 or 122 FeAs compounds, 4 not accompanied by the spin-density-wave (SDW) magnetic ordering. However, below T s the rotational (C 4 ) symmetry is broken as the electronic nematic order 4-10 is established thus raising important questions regarding the absence of SDW, what triggers the electronic nematic order and what are its implications for the superconductivity in the iron-chalcogenide family.
The two main candidates that may drive the electronic nematic order are electron spin and orbital degrees of freedom. Pronounced splitting of 77 Se nuclear magnetic resonance (NMR) spectra in high quality FeSe single crystals below T s has a characteristic order parameter temperature dependence and has been associated with the symmetry lowering due to the orbital ordering.
3,10
The simultaneous absence of enhancement of the 77 Se spin-lattice relaxation rate due to the spin fluctuations close to T s implies that the orbital degrees of freedom drive the nematic order.
10 High-resolution angle-resolved photoemission spectroscopy (ARPES) found Fermi surface deformations below T s as a result of the splitting of bands associated with d xz and d yz character thus corroborating the orbital ordering scenario. 9 On the other hand, recent neutron scattering study revealed substantial stripe spin fluctuations that are coupled with orthorhombicity and enhanced close to T s , thus favoring spin fluctuations as the driving mechanism for the nematicity.
11 This later possibility also seems to be more consistent with the theoretical studies that predict nematic quantum paramagnetic state 12 with spin fluctuations at q = (π, Q) (where Q = 0, π/4, π/3, π/2, ...).
13
The high energy of spin fluctuations renders them unobservable by NMR thus explaining the absence of significant enhancement of spin-lattice relaxation rate close to T s .
Fe 1+δ Se is a superconductor with a critical temperature T c ≈ 8 K at ambient pressure.
2,3,10,14,15 With the application of hydrostatic pressure T c dramatically increases reaching the maximum of 37 K at ∼ 7 GPa. 16 Strikingly, single FeSe layers grown on SrTiO 3 show superconductivity at even higher temperatures, in some cases at critical temperatures that exceed 100 K. 17, 18 Significant enhancement of T c is also observed in FeSe structures intercalated with alkali metal coordinated to molecular spacers (e.g., ammonia, pyridine, ethylenediamine or hexamethylenediamine), [19] [20] [21] [22] [23] [24] [25] [26] where T c first nearly linearly increases with increasing interlayer spacing d between 5 and 9Å, and then roughly saturates at T c ≈ 45 K for d > 9Å. 23 The degree of Fe vacancies in the FeSe 27 Interestingly, Fe ions present in the layers separating FeSe layers may ferromagnetically order at low temperature 28, 29 thus reminiscing the magnetic ordering of inter-layer rare-earth moments in the 1111 family, e.g. in NdOFeAs.
30
How various factors, (i) disorder (ion vacancies, intercalated Fe or simply the structural disorder related to the co-intercalated molecular coordination), (ii) dimensionality, (iii) spin fluctuations, and (iv) possible nematicity vary across the intercalated-FeSe phase diagram is still unclear.
Here we report a systematic 77 Se, 20 Probing the intra-and interlayer properties, we find that the studied i-FeSe with nearly optimal T c should indeed be treated as a two-dimensional electronic system, which is not significantly perturbed by the considerable disorder present in the interlayer space. The absence of enhanced spin fluctuations and (within the resolution of powder NMR data) of nematic order provide important constrains for the superconducting state in the studied i-FeSe.
II. EXPERIMENTAL METHODS
Samples were prepared according to standard procedures described in detail in Ref. 20 . Powder x-ray diffraction confirmed that the samples were composed of Li-and ethylenediamine-co-intercalated Li x (C 2 H 8 N 2 ) y Fe 2−z Se 2 with some minor unreacted FeSe impurity. The lowfield magnetization measurements disclosed two superconducting transitions, the first at T c = 45 K belonging to i-FeSe and the second due to non-intercalated FeSe impurity at T c = 8 K.
20
77 Se (I = 1/2) NMR experiments were conducted in a magnetic field of 9.4 T. The reference Larmor frequency of ν L ( 77 Se) = 76.282 MHz was determined from Me 2 Se standard. A two-pulse Hahn-echo sequence π/2 − τ − π − echo with a π/2 pulse length of 7 µs and an interpulse delay τ = 50 µs was employed.
7 Li (I = 3/2) and 1 H (I = 1/2) NMR measurements were performed in a magnetic field of 2.35 T at Larmor frequencies ν L ( 7 Li) = 38.85 MHz (LiCl has been taken as a reference standard) and ν L ( 1 H) = 99.95 MHz. For the 7 Li quadrupole nuclei a two-pulse solid-echo sequence π/2 − τ − π/2 − echo with a π/2 pulse length of 4.4 µs and an interpulse delay τ = 30 µs has been used.
1 H (I = 1/2) NMR frequency-swept spectra were recorded with the two-pulse Hahn-echo sequence (π/2 pulse length was 8 µs and τ = 20 µs). The 77 Se, 7 Li and 1 H spin lattice relaxation rates, 1/ 77 T 1 , 1/ 7 T 1 and 1/ 1 T 1 , were measured with inversion-recovery technique at the corresponding NMR lineshape peak positions.
III. RESULTS AND DISCUSSION
The room-temperature 1 H and 7 Li NMR spectra are featureless, symmetric and centered close to their Larmor frequencies (Fig. 2) . The absence of a measurable shift in the 7 Li NMR spectrum implies an almost fully ionized Li + species and a complete charge transfer to the FeSe layer. The linewidth of the 1 H NMR spectrum amounts to 2083(16) ppm at 300 K, which is an expected line-broadening caused by the proton-proton dipolar interactions of co-intercalated ethylenediamine molecules. We note, that the 7 Li NMR spectrum at 300 K exhibits a nearly identical linewidth of 2417(19) ppm implying a similar size of the local magnetic fields at the Li site. Since Li atoms are, likewise to ethylenediamine molecules, intercalated between FeSe layers, we conclude that the proton dipolar fields also broaden 7 Li NMR spectra. On cooling, both 1 H and 7 Li NMR spectra show only a very moderate broadening and do not shift away from their respective Larmor frequencies. For comparison, small but non-zero 23 Na and 7 Li NMR shifts due to the weak transferred hyperfine coupling to FeAs layer were found in NaFeAs and LiFeAs. 31, 32 Moreover, the 1 H and 7 Li NMR spectra in i-FeSe are almost insensitive to the superconducting transition at T c = 45 K. These observations unambiguously prove that the Li atoms and ethylenediamine molecules feel no hyperfine field and are thus completely decoupled from the conducting electrons in FeSe layers. Their role is thus to provide charges to FeSe layer and to separate these layers, thus establishing i-FeSe compound as a perfect two-dimensional conductor.
1 H and 7 Li spin-lattice relaxation rates divided by temperature, 1/ n T 1 T (here n = 1, 7 stands for 1 H and 7 Li, respectively), monotonically increase with decreasing temperature [ Fig. 3(a) ]. The ratio of 1 H to 7 Li spin-lattice relaxation times, 1 T 1 / 7 T 1 , is nearly temperature independent [ Fig. 3(b) ] thus proving that both nuclei experience the same spectrum of fluctuating local magnetic fields and corroborating the conclusions derived from the 1 H and 7 Li NMR spectra (Fig. 2) . Evidently, there is no contribution from the relaxation governed by the hyperfine coupling to the conducting FeSe electrons. This explains why 1/ n T 1 are not sensitive to the onset of superconductivity, which would otherwise lead to a suppression of spin-lattice relaxation rates below T c .
Establishing the absence of conducting electron hyperfine fields in the interlayer space, one can expect that the spin-lattice relaxation in this layer will be governed by other mechanisms usually encountered in insulators. In the case when spin-lattice relaxation is determined by the ethylenediamine molecular motions, the BloembergenPurcell-Pound (BPP)-type relaxation mechanism applies and 1/ 1 T 1 should display strong thermally activated (Arrhenius-type) temperature dependence with a maximum at the temperature where the correlation time τ for the molecular motion matches the inverse Larmor frequency, i.e. when ω L τ = 1.
33,34 However, this is clearly not supported by nearly temperature independent 1/ 1 T 1 , i.e. 1/ 1 T 1 T roughly scales as 1/T [ Fig. 3(a) ] as between 300 K and 10 K 1/ 1 T 1 increases only for a factor of ∼ 2. Therefore, we conclude that the 1 H (and also 7 Li) spin-lattice relaxation process is shortcut by another weakly temperature dependent relaxation mechanism. A plausible possibility that provides such a nearly temperature-independent spin-lattice relaxation is a nuclear-spin diffusion toward the diluted localized magnetic moments. 35 In two-dimensional diluted param-
, where N p is a concentration of paramagnetic impurities and D is the nuclear spin diffusion constant. 36 In i-FeSe, such diluted paramagnetic impurities could be associated with the non-negligible concentration of Fe impurities present in the insulating interlayer space. However, judging from the absence of additional broadening of 1 H and 7 Li NMR spectra and the absence of 1/ 1 T 1 enhancement these Fe impurities show no tendency towards magnetic ordering down to 10 K.
Since Li and ethylenediamine species are electronically completely isolated from FeSe layers, we now turn to the 77 Se NMR to directly probe the electronic properties of the FeSe layer. Comparison of the 77 Se NMR spectra of powdered FeSe and i-FeSe samples is shown in Fig.  4(a) . The linewidth of the i-FeSe spectrum is 90 kHz (which corresponds to ∼ 1200 ppm) at 300 K and is comparable to that of the FeSe powder. The broadening due to the 1 H-77 Se dipolar interactions is estimated to be negligible compared to the hyperfine broadening between the 77 Se nuclear moments and the conducting electrons in the FeSe layers. In addition to the main 77 Se NMR line of i-FeSe, a second minor peak becomes more pronounced below ∼ 150 K. A direct comparison with the spectra of FeSe reveals that this weaker resonance in fact belongs to the small amount of non-intercalated FeSe regions present in our sample.
The shift of the 77 Se NMR spectra, 77 K, in i-FeSe corresponds to 4250 ppm at room temperature and is significantly larger compared to FeSe where it amounts to 3760 ppm. On cooling,
77 K(T ) shows a very strong temperature dependence [ Fig. 4(b) ], roughly following the empirical 77 K(T ) = K 0 + kT 2 dependence with the fitting constants K 0 = 1834 ppm and k = 0.025 ppm/K 2 . On the other hand, FeSe shows weaker temperature dependence of 77 K and, if analyzed with the same empirical model, a significantly smaller k = 0.017 ppm/K 2 (and larger K 0 = 2279 ppm) is obtained. In general, the shift is composed of the temperature-independent orbital contribution, K orb , and the Knight shift, K s , respectively. The Knight shift K s is related to the density of states g(ǫ) in the vicinity of the Fermi energy ǫ F , i.e.,
where
is the Fermi-Dirac distribution function. When ǫ F is positioned somewhere in the middle of the conduction band, where g(ǫ) does not change significantly over the energy range of k B T , the above expression predicts temperature independent K s , which is proportional to the density of states at the Fermi level g(ǫ F ). However, K s can become temperature dependent, if g(ǫ) changes substantially in the energy interval |ǫ − ǫ F | ∼ k B T . In FeSe, this condition seems to be fulfilled for the hole-like pockets α, β and γ with band-edges very close to ǫ F according to the recent ARPES study. 9 Although no comparable ARPES study is at the moment available for our i-FeSe sample, we can qualitatively argue that the much steeper and stronger temperature dependence of K s in i-FeSe suggests, that at least one of these bands is pushed even closer to ǫ F upon intercalation.
A very similar conclusion is derived also from the 77 Se spin-lattice relaxation rates [ Fig. 5(a) ]. The Korringatype relaxation
predicts temperature independent 1/T 1 T rates only for the cases when band edges are far away from ǫ F . Therefore, a very steep increase of 1/ 77 T 1 T with increasing temperature for T > 100 K implies that the relaxation rate is enhanced because at least one of the the hole-like pockets α, β and γ has features very close to ǫ F . Again, the temperature dependence of 1/ 77 T 1 T in i-FeSe is more pronounced than in FeSe thus corroborating the conclusions derived from the discussion of the Knight shift data.
Slight shifting of the hole-like pockets α, β and γ in i-FeSe compared to FeSe samples may also be responsible for an important difference between the temperature dependencies of 1/ 77 T 1 T in the two samples below T ≈ 100 K. Namely, in FeSe 1/ 77 T 1 T starts to increase with decreasing temperature in the electronic nematic phase below the structural phase transition T s = 91 K [ Fig. 5(a) ], in agreement with the literature data.
3,10,37
Such an enhancement of the relaxation rate is a strong indication of the enhancement in the spectral density function of spin fluctuations at the nuclear Larmor frequency. The increase in 1/ 77 T 1 T is accompanied by the larger distribution of 1/ 77 T 1 values, because of the larger anisotropy in 1/ 77 T 1 in the electronic nematic phase.
3,10
In the present experiments on powdered samples this is evident from the stretched-exponential form of the 77 Se nuclear magnetization recovery data. The stretching exponent α s decreases from 0.96(8) for T s < T < 300 K to 0.73(5) at T c = 8 K [ Fig. 5(b) ]. Returning back to the i-FeSe sample, we notice that both, the enhancement in 1/ 77 T 1 T as well as the decrease in α s are completely Comparative NMR study of i-FeSe and FeSe in the normal state discloses some important electronic differences between the two compounds: (i) at least some of the hole-like pockets in i-FeSe shift closer to ǫ F , (ii) there is a suppression of spin fluctuations probed at the nuclear Larmor frequency and (iii) (within the resolution of present powder experiments) there is also a suppression of nematicity in i-FeSe. These differences are expected to be reflected also in the superconducting state. For instance, if spin fluctuations mediate the Cooper pairing, the system is predicted to develop an unconventional s ± superconductivity. 38 On the other hand, when orbital fluctuations are in play, then s ++ state is predicted.
39
Moreover, since it was suggested that the nematicity competes with the superconductivity in FeSe, 3 our finding of suppressed electronic nematicity may at least qualitatively account for the high T c in i-FeSe. In Fig. 6 we show the low-temperature dependence of 1/ 77 T 1 . A sharp suppression of 1/ 77 T 1 below T c confirms the opening of the superconducting gap and reveals the absence of a characteristic spin-lattice relaxation rate enhancement due to the coherence peak just below T c . We stress that for the s ++ superconducting state the coherence peak would be expected. However, as it has been observed in isotropic s−wave strongly correlated systems 40,41 the damping effects arising from the scattering of the electron with other electrons may suppress the coherence peak. Although electron correlations have been discussed in iron-chalcogenides, [42] [43] [44] it is still unlikely that they are strong enough to account for the experimental observation of the completely suppressed coherence peak. Therefore, we consider the orbital fluctuations s ++ scenario in i-FeSe less probable.
Below T c , 1/ 77 T 1 adopts a power-law temperature dependence, 1/ 77 T 1 ∝ T n . Such a power-law dependence can be found for most iron-pnictides [45] [46] [47] [48] [49] and ironchalcogenides 50 with n varying from 3 − 5. Various models based on s ± -wave symmetry with the two Fermi surfaces dominated by an isotropic full and an anisotropic full gap can account for such dependence. 49 Indeed, fitting 1/ 77 T 1 of i-FeSe below T c to 1/ 77 T 1 ∝ T n with n ≈ 5 provides a satisfactory fit of the data (Fig. 6) . However, at the lowest temperatures below ∼ 15 K, when the main relaxation channel via thermally excited quasiparticles becomes very weak, 1/ 77 T 1 suddenly tends to saturate. This is reminiscent of nearly temperature independent 1 H (and also 7 Li) relaxation rates (inset to Fig.  6 ) thus implying that very weak fluctuating fields originating from the interlayer impurity Fe magnetic moments provide an additional relaxation channel for the 77 Se nuclei. Therefore, we fit 1/ 77 T 1 to a sum of two contributions, 1/ 77 T 1 = A + B(T /T c ) n , for all T < T c . Here, A and B are the fitting constants related to the magnitude of the fluctuating insulating interlayer moments and to the hyperfine fields from the electrons in the FeSe layer, respectively. Finally, the extracted n = 4.5 is in qualitative agreement with the s ± scenario. We remark that the presence of additional temperature-independent relaxation channel in i-FeSe introduces some uncertainty to the extracted fitting parameters in the superconducting state. Nevertheless, most of the NMR data still seems to be compatible with the Cooper pairing mediated by spin fluctuations. This may be in apparent contradiction with the observation of suppressed spin-fluctuations in the normal state [ Fig.  5(a) ]. However, if the theoretical suggestion that spin fluctuations are very high in energy is correct, 12 then their influence on the nuclear spin relaxation would be negligible and could still account for the very high T c in i-FeSe. Our finding that the hole-like pockets shift closer to ǫ F in i-FeSe may then hold important clues about the tuning of spin fluctuations and optimizing T c in this family of materials.
In conclusion, Li x (C 2 H 8 N 2 ) y Fe 2−z Se 2 with a superconducting critical temperature T c = 45 K has been studied with 77 Se, 7 Li and 1 H NMR. Electronically ac-tive FeSe layers are found to be completely decoupled from each other by insulating layers comprising ethylenediamine, Li and, importantly, also intercalated (impurity) Fe atoms. In comparison to the parent FeSe, i-FeSe shows completely suppressed electronic nematicity and the absence of spin fluctuations probed at the NMR Larmor frequency. However, the Cooper pairing mediated by high-energy spin fluctuations still provides the best explanation for the absence of the coherence peak and the power-law dependence of the spin-lattice relaxation rates below T c . The family of intercalated FeSe compounds thus emerges as an intriguing case where the intertwining of lattice, charge and spin degrees of freedom establishes a highly intricate superconducting state with surprisingly high T c .
